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Inasmuch as design performance w a s  not  obtained from the XJ35-A-23 

two-stage turbine, an investigation of the  stage work distribution and 
the  losses through the  turbine at design conditions was made. 

This investigation showed that the poor performance of this  turbine 
was primarily due to: large w h i r l  velocities at  the turbine  exit, which 
caused a 4-percent loss i n  turbine  efficiency; choking in the second- 
stage  rotor, which limited  the work output of the first stage and the 
velocities  out of the second-stage stator; and a choking condition 
upstream of the  physical  blade throat ,  which caused exceseive  losses i n  
the second-stage rotor  blades. Consequently, a satisfactory two-stage 
turbine can be  obtafned i f  these unfavorable  conditions  are  eliminated. 
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IIWFIODUCTION 

As part of a general  study of  high-work-output low-speed multistage 
turbines, a two-stage turbine  for  the XJ35-A-23 turbojet engine was 
studied at the NACA Lewis laboratory. The over-all performance of t h i s  
turbine i s  reported i n  reference 1. Limiting blade loading  (refer- 
ence 2) occurred i n  the second-stage rotor of this turbine and l b i t e d  
the maximum turbine work output t o  95 percent of the design  value ; the 
efficiency of the turb'ine a t  this point was only 0.75. 

In order t o  determine why design performance w a s  not  obtained from 
this turbine,  interstage  instrumentation was added t o  the experlnental 
apparatus. The turbine was operated at equivalent  design speed and 
pressure  ratio and detailed flow measurements  were recorded. From an 
examination of the turbine design and these  detailed flow measurements, 
the major losses in  the  turbine were located. The probable  came6 of 
these  losses are presented and discussed. "he present  report is con- 
cerned o n l y  w i t h  a general qualitative evaluation of the  principal 
losses associated a t h  the turbine and, i n  general,  these losses appear 
as a loss in stagnation  pressure at various  points through the  turbine. 
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SYMBOIS 

The followin@; synibols are used Fn thi-port: 

annular area, sq f t  

local speed of sound, d s ,  ft/sec 

specific heat at constant  pressure, Btu[(lb) (41) 

NACA RM E52El.5 

specLfic  heat a t  constant volume, Btu/(lb)(%) 

s h e  work based on torque measurements, Btu/lb 

acceleration due t o  gravity, 32.174 ft/sec2 

enthalpy change based an stagnation temperat-, c,?T' Btu/lb 

mechanical equivalent of heat, 778.2 f t - l b b t u  . 

rotat ional  speed, rpm 

equivalent  rotational speed, rpm 

static  pressure,  lb/sq f t  

stagnation  pressure,  lb/sq f t  

stagnation pressure based on axial c q o n e n t  of velocity, 
lb/eq f t  

gas constant,  ft-lb/(lb) (OR) 

radius, f t  

s t a t i c  temperature, R 

stagnation  temgerature, OR 

relative  stagnation temperature, R 

blade velocity,  ft/sec 

absalute gas velocity,  ft/sec 

c r i t i c d  gas velocity, ,,/-, ft/sec 
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c 

W 
w 

Wcr 

W 

gas velocity  relative to rotor,  ft/sec 

N ul 
P 

B 

8 cr 

equivalent  weight flow, lb/sec 

I YO 

ratio of specific  heats,  cp/cv 

ratio of inlet  pressure to pressure  at NACA standard  sea- 
level  conditions, p r /u16 

adiabatic  efficiency  based on stagnation-temperature  ratio 
and stagnation-pressure'  ratio 

brake Fnternd efficiency  defined as ratio of actual  turbine 
work  based on torque measurements to  ideal  turbine work 
based on the pressure  ratio  pi/^;,^ 

gas density, lb/ft3 



Subscripts : 
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c 

1,2,3,4,5 Fnstrument locations (see f ig .  I) 

( )av weight-flow-average vdue  of parameter 

e engine  operating  conditions 

h h& 

S isentropic 

U tan@;ential 

X axia l  

0 NACA staadard see-level  cmditians 

d 
N 
rg 

. . . ... 

Thcexperimental apparatus and the installation  are  described in  
reference 1. The a i r  w e i g h t  flow through the  turbine w a s  measured by a 
submerged A.S.M.E. flange-tap  flat-plate  orifice. Two standard  jet- 
engtne  burners were used t o  heat the air t o  700' R, and the fue l  flow to 
the  burners w a s  mastred  by rotameters In the fuel l ine .  

The location of measuring stations through the  turbine asd the  type 
of measurements made at each station are shown in figure 1. The turbine 
M e t  conditions were  measured by means of a c d i n a t i o n  probe consisting 
of a shielded  stagnation-pressure  tube and a caJlhrated thermocouple, and 
two static-pressure taps in each af  the ten standard  transition  sections. 
The turbine exit conditirme were determined  by means of four  calibrated 
thermocouple rakes, each consisting of f ive thermocouples located at the 
area  centers of five  equal annular areas;  five  shielded  stagnation- 
pressure probes, located at dffPerent clrcmferentlal  positions and radii 
corresponding t o  the mea centere of the five  equal annulax me=; and 
four static-pressure  taps on both  the inner and the outer shrouds. 

The instrumentation used t o  obtain  the survey data was as follows : 

(1) Movable unshielded  stagnation-pressure  probes w i t h  provision for . 
angle measurement. (a claw-type  probe) t o  measure stagnation  pressures 
and flaw angles 

(2) WEU s t a t i c  taps, t o  measure static  pressures 



(3) Fixed thermocouple rakes, each consisting of f ive thermocouples 
located at the area centers of f ive e q U  mular areas, t o  measure 
stagnation  tenperatures b 

Detailed  survey  data were obtained  by  geerating  the  turbine at 
equivalent  desi- speed (3028 rpm) and equivalent  design  pressure  ratio 
(4.03) . The inlet  canditions were maintained at ~ u 1  in le t  t-ature 
of 700’ R and an inlet  stagnation  pressure of 40 inches of mercury 
absolute. 

Turbine efficiencies. - The brake internal turbine  efficiency w a s  
calculated frm measurements of torque and t u rbhe   ex i t  conditions of 
stagnation  pressure and temperature, static  pressure, and weight flow. 
It is defined as 

where p;,s/pi i s  a pressure r a t io  based on the axial cmponent of 
velocity  at  the turbbe exit .  This r a t io  can be  derived frm a cm- 
bination .of the following equations : 

continuity: 

State : 

Energy: 

Isentropic  relation: 

= p5%%,5 

p5 = p5RTs 

Y 
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mis velocity  is  used in the energy equation t o  caLculate p.&, 
neglecting  the  tangentfd  component of velocity  at  the  turbine exit. 
From  equations (4) and (5) , 

rl m 
Ln 
N 

%,5 = p5 

=om this relation, pk,s/pi is obtained and used in equation (1) 
to  calculate  qi. Thus, the  kinetic  energy  contained in the exit tan- 
gential  velocity  component  is  considered a loss. 

The  adiabatic  efficiency  for radial positians  correspondtng to con- 
stant  percentage  values of annular area of each  stage 09 the  turbine wae 
calculated  from  survey  measurements. of stagnation  pressure and tempera- 
t u r e  by the  equation 

1 -  ( y  
i Pi 

(~hese subscripts  refer  to  .the  first  stage. ) 

Pressure-loss  coefficient. - The  pressure-loss  coefficient  is 
deffned  as  the  ratio of the  stagnation-pressure  drop  across a blade row 
to  the  difference  between  the  stagnation  pressure and the static  pres- 
sure a t  t h e  exit of t&e blade row . 
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c This coefficient is used in the  present  report anly t o  evaluate  the 
stagnation-pressure losses in  the first- and the second-stage stators.  

m 
Weight-flow-average values. - In order t o  aid in the discussion and 

canparison of the various  parameters  used in the  data  analyses, w e i g h t -  
flow-average values were calculated. For example, if the weight-flow- 
average vdue of the pressure-loss  coefficient (E)av is required, it 
can be  expressed as 

N 
VI w 
P 

r z  PV, =x pvx aA 
( 10) 

The value of (E), is obtained by plotting  the numerator +d the 
denominator of equation (10) as a function of percentage a r m ~ 1 a r  area 
integrating  numerically. The same method is  used In cdculating weight- 
flow-average values of the  other parameters. 

From the  over-all performance of the two-stage turbine  presented in 
reference 1, the following turbine performance characteristics are noted: 

- (1) Measured equivalent weight flow w a s  106 percent of the design 
d u e .  

(2)  Lh i t ing  blade  loading  occurred in the second-stage ro tor   a t  
equivalent design speed and pressure ratio and restricted  the  equivalent 
work output t o  approximately 95 percent of the design  value. 

(3) Turbine efficiency qi at equivalent  design  speed and pressure 
r a t i o  was only  0.75. 

The reason  design performance w a s  not  obtained from th i s  turbine can 
be  determined from a study of the  stage work distribution and losses 
through the  turbine. The work distributian and the  losses are evaluated 
on the basis of the  turbine  design and on the actual. turbine  perfomance. 

Loss due t o  exit. w h i r l .  - An examination of the  turbine  design 
velocity aiagrams (f ig .  2) reveals only  one source of turbine loss. This 
is the loss of kinetic energy associated w i t h  the  whirl  velocity at the 
exit  of the second rotor.  !RE kinetic energy of this whirl velocity 



8 - NACA RM E52FJ5 

taken at the pitch line a t  the  exit of the second rotor is approximately 
4 percent of the  isentropic enthalpy drop through the  turbine. Because 
no provision is made f o r  recovery of this energy, tt represents approxi- 
mately a 4-percent loss in  turbine  efficiency. 

The actual loss due to   ex i t  whirl was determined qe r imen ta l ly  and 
the  results  are shown in figure 3. The r a t i o  af the  kinetic energy 
contalned i n  the tangential component of exit   velocity Vu,5 t o  the 
isentropic  enthalpy drop based on the measured stagnation-pressure r a t io  
is presented for several radial positions across the  blade span. The 
weight-flow-average value of this ra t io  is approximately 4 percent of 
the available  isentropic enthalpy drop and colllsequently represents a 
4-percent loss in turbine efficiency qi. 

Stage work distribution. - The variation of the stage work param- 
eter  ATt/T1 dong  the  blade radius (expressed as a percentage of the 
total & =ea) for both  the first and the second stage8 is shown in 
figure 4. In figure 4(a) a peak v a l e  of aT' /T' of 0.126 occurs at 
a radial. position corresponding t o  40 percent of the annular area. Frcan 
t h i s  point,  the  value  decreases toward the hub and the   t i p  of the  blade. 
The weight-flow-average value of ATr/Tt far this stage  ie 0.1153 and 
is represented  by  the dashed Use on the .figure. 2 h  figure 4(b), a peak 
value of &!*/Tl for the second stage of 0.1630 occurs a t  a radial 
positicm  corresponding t o  50 percent of the annular area and decreases 
sharply toward the hub  and the   t ip  of the  blade. The weight-flow- 
average value of AT1/T1 for the second stage is 0.1368. The corre- 
sponding design  value of A T " / T I  fo r  each stage based on the  equivalent 
design value of N/€JCr (32.4 Btu/lb) and the design work distribution 
between stages (0.53 and 0.47) is 0.138 and 0.142 for  the first and the 
second stages,  respectively. The percentage of the equivalent design 
stage work N t / T 1  actually  obtained from the turbine is  83.7 percent 
for the first stage and 96.3 percent f o r  the second stage. 

4 

1 

- 

" 

Although the measured equivalent w e i g h t  flow was 106 percent of the 
design  value,  stator-exit  design  velocities were not obtained. This 
fact  indicates  that  the  design  area of the first stator was too  large 
with the  result that the  first-stage work output w a s  lower than the 
design  value. Another condition that contributed t o  the deficiency of 
work Fn the f i r s t  stage w a s  that the actual area of the first-stage 
stator was 2 percent larger than  the design value. 

Bowever, choldng in the second-stage rotor at a pressure  ratio  less 
than the design pressure  ratio WBB the principal cause for the deficiency 
in over-all  turbine work. Figure 5 (fig. 4 reference 1-r show8 the 
variation in equivalent weight flow at the  turbine  inlet  xith wer-all 
turbine  pressure  ratio for a range of equivalent  rotor speeds. The - 
value of choking equivalent weight flow m i e s  with  rotor speed, the 

" .. . "" " - 



2Q NACA RM E52El5 - 9 

I 

value decreasing 88 the  equivalent  rotor speed increases. The turbine is 
therefore choked damstream of the  first-stage  stator.  Figure 6 shcrus 

ditions relative to the second-stage ro ta r ,  with  over-all  turbfne pres- 
sure  ra t io  for equivalent  rotor  speeds  corresponding t o  100, l l0 ,  120, 
and 130 percent of the  design speed. The cham value of equivalent 
weight flow occurs at  mer-all  turbine  preseure  ratios  higher than 3.6 
and exhibits no significant  variation  with  equivalent  rotor speed. The 
variation in  the  value of chokfng weight flow far the four equivalent 
speeds sham is less than 1 percent, which is within the limfts of 
eqerimental error. As a  result, the second-stage rotor  l imits the 
weight flow through the  turbine at over-& turbine pressure  ratios 
greater  than 3.6. 

- the  variation of &quivalent w e i g h t  flow, calculated for stagnation con- 

Because the second-stage ro to r  chokes, a further increase in pres- 
sure ratio  across any upstream blade row cannot be obtained. Canse- 
quently, the w o r k  output of the first stage is limited, and no velocity 
increase  cas  be  obtatned tlzraugh the second-stage stator.  Further 
increase in turbine work output xith  increase in over-all  turbine  prea- 
sme r a t i o  is due to  an increase in the tangential ccaaponent of exit 
velocity. This component reaches a mn.xirmrm value at the condition of 
limiting blade loading, and further increase i n  over-all turbine pres- 
sure  ratio produces no additional work. 

Stage  efficiencies. - The radial variation fn the efficiency qad 
f o r  the f irst  stage i e  s h m  i n  figure ?(a). Ape& stage efficiency of 
94.0 percent  occurs at a radial position corresponding t o  approximately 
40 percent of the t o t d  annu lax  mea. From th i s  point, the efficiency 
decreases toward the huk and t h e   t i p  of the blade. The weight-flaw- 
average value of this  efficiency is 83.3 percent and is represented by 
the dashed line on the figure. In order t o  determFne the losses in the 
first-stage  stator, a pressure-loss  coefficient is e v d u a k d  between 
the  turbine  inlet  (station 1, fig.  I) and the exi t  of the f irst  s ta tor  
(station 2, f ig .  I). The radial variation of t h i s  pressure-loss  coef- 
f icient is shown in  figure  7(b). The pressure-loss  coefficient  increases 
rapidly from a minimum value of 0.0245 at 15 percent of the &llllu1ax area 
t o  a value of 0.143 a t   the  t i p  of the blade. The weight-flow-average 
M u e  of this pressure-loss  coefficient ( ~ ) ~ ~ , ~ - 2  is  0.0765. The 
increasing  values of the  pressure-loss  coefficient as the stator blade 
t l p  is approached indicate that part of the over-all  turbine loss occurs 
i n  the inlet  geometry of the  turbine and also explains the  decrease in 
stage efficiency towards the  t ip  of the first rotor  blade. Near the hub 
of t he  first-stage stator the  pressure-loss  coefficient is low; con- 
sequently,  the  decrease i n  stage  efficiency near the hub is due t o  losses 
in  the first-stage rotor near the hub. 

. 

- The radial   variation  in  efficiency of the second stage is  shown in  
figure  EL). Ape&  value of 82.0 percent  occurs at 50 percent of the 
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annu l~ ;c  area. The efficiency  decreases  rapidly toward the hub and the 
t i p  of the blade. The weight-flow-average value of the  efficiency  for 
this  stage is 66.0 percent and is  represented by the dashed line an the . 
figwe. Figure 8(b) shows the spaarise  varlation in the  pressure-loss 
coefficient  across  the second-stage stator (evaluated between stations 3 
and 4, f ig .  1) . A msxirmrm value of 0.037 occurs at a spaswise posit ion 
corresponding t o  55 percent of the annular area and decreases t o  negative 
values near the hub and t i p  of the blade. The negative  values  indicate 
a stagnation-pressure r i s e  and are probdly due t o  secondmy flaws which 
caused a redistribution of the mass flow through this   s ta tor .  The veight- d 
flow-average value of the  pressure-loss  coefficient for this   s ta tor  is 2 
0 . O I L 2  end is represented by the dashed line an the f fgure. Because the 
value of the  pressure-loss  coefficient  across  the second-stage stator is 
law and because the second-stage efficiency is  also law, large losses are 
indicated in the second-stage rotor. 

Loss i n  second-stage rotor. - In an effor t   to  determFne the cause of 
the  large  losses &cross this rotor, a stream filament analysis  (refer- 
ence 3) & the flow thr- this blade row w a s  made at  the- hub, -the mean, 
cand the  t ip  radius of the blade. This analysis was based on the desiep 
velocity diagrams and showed that this rotor wou ld  not pass the  design 
weight flow. This result ia verffied  by the experimental data which 
show that; this ro tor  chokes a t  a pressure. ratto..less than design pressure 
rat io .  The analysis also indicated that the choking condition  occurred 
upstream of the  physical  throat (minimum geometric area).  Figure 9 shows 
the  variation of the geometric and the effective flow area rat ios  with 
percentage of hub blade chord. me method used t o  determine these  area 
ratios is presented in  the appendix. A t  approximately 94 percent of 
axial chord at the hub, the  effective  mea  ratio is 1.02 a~ compared with 
1.00 for the geametric area r a t i o .  Became the effective and geometric 
meas are appoximately  equal a t  this point,  the minimum effective  area 
is approxhately 2 percent  smaller than the minimum gecmretric area. The 
figure also shows that the geometric area  ratio decreases through the 
blade row, whereas the  effective area ratio reaches a m-ln-lmrrm value at 
45 percent of the aial chord. llfhis converging-diverging area variation 
results in  high losses f o r  outlet Mach mmibers of the order of 1.0. For 
nomal reaction and .impulse blades,  the  proffle  pressure-loss  coefficient 
generally  decreases as an outlet Mach number of 1.0 is approached 
(fig.  63, p. 233, reference 4) .  If the blade has a minimum effective 
area upstream of the  trail- edge, however, large  pressure-loss  coef- 
f ic ients  w i l l  result ( f ig .  16, reference 5). The probable c a s e  for this 
increase in the pressure-loss coefficient is that  shocks on the  suction 
surface cause a local  static-pressure  r ise which induces flow separation 
f r o m  the suction  surface of the blade, especially if there is appreciable 
curvature of the  suction  surface domstream of the choke powt (f ig .  12, 
reference 6) . 

E -  

" 

- 

Ih order t o  reduce the hi& losses in the second-stage rotor,  the 
blade profiles should  be  designed so that  the  effective  area decrease8 
through the  blade  passage. . .  

-. - 
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4 Inasmuch as  design performance wa8 not  obtained from the xJ35-A-23 
two-stage turbine, an investigation of the  stage work distribution and 
the  losses through the  turbine a t  design  conditions was made. This 
investigation showed that : 

N 
u1 w 
P 

1. The loss due t o  the  whirl  velocity at the  turbfne exit, based on 
actual turbine performance, w a s  appraimately 4 percent of the  available 
isentropic  enthalpy drop through the turbine. 

2.  Choking in the second-stage rotor limited  the work output of the 
first stage and the  velocities  out of the second-stage stator at over-all 
turbine pressure ratios above 3.6. 

3. Choking in the second-stage ro tor  blades upstream of the  physical 
blade throat  l nhced   l uge   l o s ses  in t h i s  blade row. 

The results obtained f r o m  a study of the losses through th i s  two- - stage  turbine  indicate that tple poor performance fs primarily due t o  the 
unfavorEible choking conditions in the second-stage r o t o r  and the loss of 
energy contained in the exit  whirl  velocity. Consequently, a satisfactory 

el-ted. 
- two-stage turbhe can be obtained if these  unfavorable  conditions  are 

Lewis Flight  Propulsion Laboratory 

Cleveland, Ohio 
National Advisory Canrmittee for Aeronautics 
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OF AXIAL RLADE CHORD AT EUB 

Geametric Area Variation 

Th.e geometric area  variation w a s  determined by first ding a blade 
passage Iaywut to   scale  as indicated in the following sketch: 

Second-stage rotor blade 

c 

This layout- w a s  made for  constant values of hub, mean, and t ip   radius  at 
the  leading edge of the blade row. The ortho8onal system of streamlines 
@ and velocity  potential  linea 9 w a s  then  sketched in. The lengths 
of the  velocity  potential  lines w e r e  measured and are designabd by the 
syribol no. The %-values  through the  blade passage were thus determined 
for the hub, the mean, md the   t ip  radius of the blade. Frm the blade 
geometry, the  intersections of the CP -lines w i t h  the mean passage stream- 
l ine qrn were located. .The +-values for  the hub, the mean, and the tLp 
radius were then  plotted against the corresponding percentage value of 
the axial. chord. Values of at constant  percentage  values of the 
axial chord were then  read md plotted against radius. A trapezoidel 
integration between the hub anhthe t ip  radius w a s  used t o  determine the - 

value of the  integral no dr for  each constant  percentage  value of 

. .  . -  

. .  

s - 
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c 

axial blade chord. The variation of the l m r  limit Q of this Inte- 
gral with the percentage of chora due t o  the divergence OP the inner 

value  thus determined was then plotted.  against  the  corresponding  per- 
centage m3.ue of axial blade chord at the hrib. Each of these values m s  

. shroud was considered Fn the  evaluation of this integral. Each integral 

then  Gvided  by the 
presented in figure 

PJ ur 
CN 
P 

The parameter 
the geometry of the 
written  relative to  

minFmum integral value  obtained and t h i s  ratio is 
9. 

Effective Area Variation 

F is def3ned (reference 3y p.  16) as a Function of 
blade passage and the flow velocity and can be 
the rotor and in  gravitational  units as 

W 

where 

w w e i g h t  flow per unit depth flazing across - 
lb/( sec) ( f t) 

( f i )  

veloci ty   potent id   l ine,  

- no distance  across  velocity  potential line, ft 

p" stagnation  density  relative t o  rotor, lb/ft3 

By the calculation of various  parameters which are functions of the 
geametry of the blade passage, the c h o w  value of p for  each velocity 
potential line w a s  determined by the method of reference 3 (p. 17 and 
f ig .  14) . This choking value of p, when multiplied by its corresponding 
ya,lue of n o y  represents the c h o w  value of the weight flow per  unit 
depth f o r  the  particular  velocity  potential line. The value of ( pno)c 
thus determined is proportional t o  an effective choking area. 

A plot of these choking  dues (pq,) against  percentage of 
blade chord at the hub  was then  used t o  c&ulate 

Trt (pno) dr by the sane procedure as outlined 

the  values of 

tn the  preceding 

axid 

6eC- 

The ra t io  of these  integral  values  to the mFnimum integral value 

effective  area  ratio  variation through the  blade  passage. This variation 
is sham in figure 9. 

.. plotted  against  percentage of axial blade chord at  the hrib represents an 
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Figure 3. - Spaarise variation in ratio of kinetic 
energy  contained In tangential component of velo- 
c i ty  at turbine exit t o  avaibble  isentropic 
enthalpy drop through turbine  for  equivalent 
design speed and pressure r a t i o .  
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Figure 5. - Variation of equivalent weight f l o w  with pres- 
mre r a t i o  for various turbine speeds. 
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(a) Adiabatic efficiency. 

Figure 7. - Sparrwise variation of adia- 
batic efficiency and pressure-loss 
coefficient i n  first stage for equtva- 
lent design speed and pressure  ratio. 
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Figure 8.  - Spawise variation of sdia- 
batic  efficiency and pressure-108s 
coefficient  in second stage for equiv- 
alent design speed and pressure ratio. 



24 NACA RM E52E15 

L 

1 
.02 .04 

(b) Pressure-loss coefficient across stator. 

Figure 8. - Concluded. S-geswise variation of 
adiabatic efficiency and preseure-loss coeffi- 
cient  i n  second stage for equivalent desfgn 
speed and pressure r a t i o .  
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Figure 9. - Vmlatlon of geometric and effectlve area ratios through  second-stage rotor blade pas- 
sage with percentage of axial blade chord at hub. N 
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